Abstract The Bcl-2 adenovirus E1B 19 kDa-interacting protein 3 (Bnip3) is a pro-apoptotic BH3-only protein associated with the pathogenesis of many diseases, including cancer and cardiovascular disease. Studies over the past decade have provided insight into how Bnip3 induces mitochondrial dysfunction and subsequent cell death in cells. More recently, Bnip3 was identified as a potent inducer of autophagy in cells. However, the functional role of Bnip3-mediated autophagy has been difficult to define and remains controversial. New evidence has emerged suggesting that Bnip3 is an important regulator of mitochondrial turnover via autophagy in the myocardium. Also, studies suggest that the induction of Bnip3-dependent mitochondrial autophagy is a separately activated process independent of Bax/Bak and the mitochondrial permeability transition pore (mPTP). This review discusses the current understanding of the functional role that Bnip3 plays in the myocardium. Recent studies suggest that Bnip3 might have a dual function in the myocardium, where it regulates both mitochondrial turnover via autophagy and cell death and that these are two separate processes activated by Bnip3.
the BH3 domains of Bnip3 and Nix, play a major role in the induction of cell death [7] . Bnip3 and Nix also are weak inducers of cell death compared with other BH3-only proteins, and they induce opening of the mitochondrial permeability transition pore (mPTP) [20, 40, 50] . Moreover, they are important regulators of mitochondrial autophagy [19, 38, 43, 56] .
Autophagy is an important cellular process involved in the degradation of long-lived proteins and organelles [33] . This process occurs constitutively in most cells but is rapidly upregulated when a change in the cellular environment occurs such as a decrease in nutrients.
Early studies suggested that autophagy was a nonselective process in which cytoplasmic material was randomly sequestered by an autophagosome and subsequently delivered to the lysosome, where it was degraded by lysosomal proteases [33] . However, it now is clear that this process is selective and that organelles such as mitochondria and endoplasmic reticulum (ER) can be specifically removed while other structures are left intact.
Recent studies have implicated both Bnip3 and Nix as important regulators of mitochondria autophagy. This review discusses recent advances in understanding the functional role of Bnip3 in the myocardium. Recent studies suggest that Bnip3 might have dual functions in the myocardium, where it regulates both mitochondrial turnover via autophagy and cell death.
Transcriptional Regulation of Bnip3
Early studies found that Bnip3 was not expressed in most cells and was subject to transcriptional regulation. Several investigations showed that hypoxia leads to upregulation of Bnip3 in cells, including neonatal myocytes [4, 40] . The Bnip3 promoter contains a hypoxia-inducible factor-1 (HIF-1)-responsive element (HRE) and is potently activated by both hypoxia and forced expression of HIF-1a [4, 47] .
Yurkova et al. [54] also reported that Bnip3 is a direct transcriptional target of E2F-1 and involved in E2F-1-induced cell death. Because significant upregulation of Bnip3 leads to mitochondrial dysfunction and cell death [27, 40, 50] , it clearly is important for cells to suppress expression of Bnip3 under normal conditions. Recent work from the Kirshenbaum group has demonstrated a critical role of NF-jB in suppressing Bnip3 expression in neonatal cardiac myocytes [44] . Interestingly, these researchers found that cells derived from p65 knockout mice or myocytes with defective NF-jB signaling exhibited increased basal Bnip3 gene expression and cell death, suggesting that NF-jB has an important survival role in myocytes. In addition, they demonstrated that NF-jB recruited histone deacetylase-1 (HDAC-1) to the Bnip3 promoter, providing a mechanism for transcriptional repression of Bnip3 and cell death under basal conditions [45] .
Posttranslational Regulation of Bnip3
Although many cells suppress Bnip3 expression under normal conditions, some tissues and cell lines constitutively express Bnip3. For instance, Galvez et al. [14] found high levels of the Bnip3 transcript in heart, liver, and kidney but low or undetectable levels in brain, spleen, and lung tissue. Similarly, Bruick [4] found that Bnip3 was expressed in CHO-K1 and HepG2 cells but was barely detectable in Rat-1 and CV-1 cells. Bnip3 is not expressed in neonatal cardiac myocytes under normal conditions [16, 54] but is constitutively expressed in adult hearts and to a lower level in HL-1 myocytes [11, 19] . This suggests that Bnip3 is maintained in an inactive state under normal conditions and regulated by posttranslation modification.
The fact that Bnip3 must be subjected to additional activation is supported by the fact that adult cardiac myocytes are remarkably resistant to Bnip3 under normal conditions. Diwan et al. [11] found that even a 50-fold increase in Bnip3 expression in hearts from transgenic mice produced low levels of apoptosis. However, apoptosis of cardiac myocytes was significantly increased in Bnip3 transgenic mouse hearts compared with wild type hearts after myocardial infarction, suggesting that ischemia induced activation of Bnip3.
Bnip3 contains a transmembrane domain at its C-terminus, which is important for mitochondrial targeting, homodimerization, and pro-apoptotic activity [6, 50] . Deletion of the transmembrane domain completely abrogates homodimerization and cell death [6] .
We found that the N-terminus contains a conserved cysteine residue, which also is important for Bnip3 homodimerization and pro-death activity. Bnip3 is anchored in the mitochondrial outer membrane via its C-terminal transmembrane domain, whereas the cysteine residue in the N-terminus is facing the cytosol, which makes it susceptible to oxidation [50] .
We also found that Bnip3 functions as a redox sensor of oxidative stress, with increased oxidative stress in the myocardium in response to ischemia/reperfusion (I/R) resulting in oxidation of the N-terminal cysteine residue in Bnip3 and promotion of homodimerization [28] . When the cysteine is mutated to an alanine, homodimerization of Bnip3 is reduced, which correlates with reduced cell death. Thus, these studies suggest that Bnip3 functions as a redox sensor, with increased oxidative stress inducing homodimerization and activation of Bnip3 via cooperation of the N-terminal cysteine residue and the C-terminal transmembrane domain.
In addition, Bnip3 contains several potential phosphorylation sites, and studies have reported that Bnip3 activity is regulated by phosphorylation. Graham et al. [15] reported that hypoxia-reoxygenation induced phosphorylation of Bnip3 and that elevated levels of phosphorylated Bnip3 correlated with increased cell death. Similarly, Mellor et al. [34] reported that treatment of cells with microtubule inhibitors resulted in the phosphorylation of Bnip3 and that the phosphorylation of Bnip3 increased its stability. It is currently unknown whether and how phosphorylation regulates Bnip3 activity and which kinase or kinases are responsible for the phosphorylation.
Bnip3 Induces Mitochondrial Dysfunction via Bax/Bak and the mPTP
Bnip3 is primarily located in the mitochondria, where it is integrated into the mitochondrial membrane [19] . It is well documented that overexpression of Bnip3 leads to loss of mitochondrial membrane potential and cell death [27, 40, 50] . However, the exact mechanism by which Bnip3 perturbs mitochondrial function still is controversial. Permeabilization of the mitochondrial outer membrane can occur via two different mechanisms. It can be induced via activation of Bax/Bak, which forms pores in the mitochondrial outer membrane that accommodate passage of proteins in the intermembrane space, such as cytochrome c, to the cytosol [25, 29] .
Alternatively, loss of outer membrane integrity can occur via opening of the mPTP, a nonspecific pore in the inner mitochondrial membrane that is permeable to molecules smaller than 1.5 kDa [18] . Opening of the mPTP results in swelling of the inner membrane and subsequent rupture of the outer mitochondrial membrane. The rupture causes release of all intermembrane space proteins into the cytosol [18, 23] . The mPTP is thought to mainly play a role in necrosis, whereas the Bax/Bak channel is involved in apoptotic cell death. Interestingly, Bnip3 is reported to mediate mitochondrial dysfunction via opening of the mPTP [26, 40, 50] and via activation of Bax/Bak [27] (Fig. 1) .
All BH3-only proteins known to date promote activation of Bax, Bak, or both [51, 57] , which in turn causes cytochrome c release, caspase activation, and apoptosis [31] . In our studies, we found that Bnip3 induces release of cytochrome c from mitochondria in a Bax/Bak-dependent manner and that cells lacking Bax/Bak are resistant to Bnip3-mediated cell death [27, 37] . Findings have shown that the presence of the caspase inhibitor z-VAD-fmk can suppress Bnip3-mediated cell death in neonatal cardiac myocytes [40] , HL-1 cells [19] , and HeLa cells [30] .
Many other studies have reported that Bnip3 can mediate mitochondrial dysfunction and cell death via opening of the mPTP [26, 27, 40, 50] . In one of the first studies, Bnip3 was found to induce rapid opening of the mPTP and cell death in 293T cells, which could be reduced in the presence of cyclosporine A (CsA) or bongkrekic acid (BA), two different inhibitors of the mPTP [50] . Interestingly, this study found that maximum suppression of cell death was only 50% with either inhibitor, suggesting that Bnip3 mediated cell death by two separate mechanisms in these cells.
In our studies, we found that although Bnip3 can induce opening of the mPTP, it is not required for Bnip3-mediated cell death [27] and that inhibiting the mPTP had no effect on Bax/Bak activation in response to Bnip3. In addition, we recently discovered that Bnip3 can induce permeabilization of the inner mitochondrial membrane, which results in large-amplitude swelling of the inner membrane via a mechanism independent of the mPTP. Other BH3-only proteins such as tBid do not induce permeabilization of the outer membrane. The Bnip3 homologue Nix has been shown to induce cell death via activation of Bax/Bak as well as via opening of the mPTP [8] , but it is currently unknown whether Nix, like Bnip3, induces permeabilization of the inner membrane. Exactly how Bnip3 induces permeabilization of the inner membrane currently is unknown, and further studies are needed to elucidate the exact mechanism or mechanisms by which Bnip3 mediates mitochondrial dysfunction.
Bnip3 and Mitochondrial Dynamics
We and others have found that overexpression of Bnip3 induces mitochondrial fragmentation or fission in cells [19, 30] . Mitochondria are highly dynamic organelles that constantly undergo fission to produce smaller organelles or fusion to produce tubular mitochondrial networks. Mitochondrial fission has been implicated in apoptosis [13] and also contributes to myocardial I/R injury [36] . Moreover, findings have shown that mitochondrial fission is essential for the removal of mitochondria by autophagy and that inhibition of fission results in disruption of mitochondrial autophagy and accumulation of dysfunctional mitochondria [10, 49] .
Mitochondrial dynamics are determined by the balance between fusion and fission events, which are known to be regulated by at least four dynamin-related GTPases. Mitochondrial fission is regulated by Drp1 and hFis1 [46, 53] , whereas fusion requires mitofusins 1 and 2 (mfn1 and mnf2) in the outer membrane and Opa1 in the inner membrane [9, 24] . We found that overexpression of Bnip3 induced translocation of Drp1 to mitochondria, which correlated with fragmentation of mitochondria in both fibroblasts and myocytes [27] (unpublished data).
Similarly, Landes et al. [30] reported that Bnip3-mediated mitochondrial fission occurred before cytochrome c release and that fission was inhibited by the dominant negative Drp1K38A in HeLa cells. The same study also found that Bnip3 interacted with the fusion protein Opa1, suggesting that Bnip3 mediates mitochondrial fission by inhibiting fusion. However, this study did not assess whether Bnip3-mediated cell death was affected when fission was inhibited. Thus, the functional significance of Bnip3-mediated fission still is unclear, and it is unknown whether it contributes to cell death or plays a role in mitochondrial autophagy. Interestingly, mitochondrial fission has been shown to produce two mitochondrial fragments with different Dwm, and the fragments with low Dwm usually were removed by autophagy [49] . Thus, it is possible that Bnip3-mediated mitochondrial fragmentation is required for mitochondrial autophagy.
Bnip3 Regulates Mitochondrial Turnover via Autophagy
Although Bnip3 is considered a pro-apoptotic protein, many studies have reported that Bnip3 also is a potent inducer of autophagy in many different cell types, including cardiac myocytes [1, 3, 19, 22, 38, 41] . However, the functional role of Bnip3-mediated autophagy is controversial and reportedly both causes and protects against cell death.
In our studies, we found that inhibiting autophagy enhanced Bnip3-mediated cell death in HL-1 cells, whereas enhancing autophagy reduced cell death, suggesting that autophagy is a protective process [19] . We recently found that Bnip3 induced autophagy in apoptosis-resistant cells lacking Bax/Bak and that inhibiting autophagy resulted in necrotic cell death [41] . Similarly, Bellot et al. [3] found that Bnip3-mediated autophagy during hypoxia was a survival mechanism that promoted tumor progression. In contrast, Bnip3 contributed to autophagic cell death during hypoxia [1] and induced autophagic cell death in malignant glioma cells [22] .
Autophagy is important for the removal of excess or damaged organelles, including mitochondria [33] . Recent studies have demonstrated that both Bnip3 and Nix induce removal of mitochondria via autophagy in cells. In fact, Schweers et al. [43] found that Nix was essential for mitochondrial clearance via autophagy during reticulocyte maturation.
We also found that Bnip3 induced mitochondrial autophagy in cardiac myocytes [19, 38] . We initially hypothesized that autophagy was upregulated in response to Bnip3 for removal of damaged mitochondria [19] . However, evidence now shows that the induction of mitochondrial autophagy is specifically activated by Bnip3 and Nix and that this process is separate from activation of cell death (Fig. 1) .
We also found that almost all the autophagosomes contain mitochondria in myocytes overexpressing Bnip3 Fig. 1 The atypical BH3-only protein Bnip3 regulates cell death of cardiac myocytes through two separate pathways involving the mitochondria and promotes mitochondrial turnover via autophagy. In response to stress, Bnip3 activates the intrinsic apoptotic pathway via Bax and Bak. Activation of Bax/Bak causes permeabilization of the outer mitochondrial membrane and release of pro-apoptotic proteins such as cytochrome c, leading to activation of caspases and cell death. Bnip3 also can induce opening of the mitochondrial permeability transition pore (mPTP), a nonselective channel permeable to molecules smaller than 1.5 kDa. Opening of the mPTP leads to swelling of the inner mitochondrial membrane and subsequent rupture of the outer membrane. Bnip3 also promotes mitochondrial turnover, in which Bnip3 targets mitochondria for removal by autophagosomes. Bnip3 is anchored in the outer mitochondrial membrane via its C-terminal transmembrane domain, where it can interact with LC3/ GAPARAP on the autophagosome, thereby anchoring the damaged mitochondrion to the autophagosome (Fig. 2) , suggesting that Bnip3 specifically induces mitochondrial autophagy and not ''nonselective'' autophagy [38] . Bnip3-overexpressing myocytes were remarkably resistant to Bnip3 overexpression, and although myocytes had a substantial amount of their mitochondria removed by autophagy, they still were viable [38] .
Furthermore, opening of the mPTP has been implicated in promoting selective removal of damaged mitochondria by autophagosomes [32] . However, we found that treatment with the mPTP inhibitor CsA did not inhibit mitochondrial autophagy in cardiac myocytes [38] . In addition, cyclophilin D (cypD) is an essential component of the mPTP [2] , and we found that Bnip3 induced autophagy to the same extent in fibroblasts isolated from wild type and cypD-deficient mice, suggesting that Bnip3-mediated autophagy is not dependent on opening of the mPTP.
We also found that Bnip3 induces mitochondrial autophagy in Bax/Bak-null fibroblasts, suggesting that Bnip3 induces this process even in the absence of mitochondrial permeabilization and apoptosis [41] . Schweers et al. [43] demonstrated that Nix-dependent mitochondrial clearance was normal in Bax/Bak-null reticulocytes and that mitochondrial clearance was unaffected by inhibitors of the mPTP in wild-type reticulocytes. Thus, these data suggest that induction of Bnip3-and Nix-dependent mitochondrial autophagy is a separately activated process independent of Bax/Bak and the mPTP.
Studies from Dr. Gerald Dorn's lab have confirmed that both Bnip3 and Nix have alternate and overlapping functions as regulators of mitochondrial turnover in the adult myocardium. Studies investigating transgenic mice overexpressing Bnip3 or Nix in the myocardium have shown that the adult hearts are remarkably resistant to cell death. Using inducible transgenic mice, these studies found that increased expression of Nix or Bnip3 in adult hearts did not cause functionally significant cardiomyocyte apoptosis in adult mice [11, 48] . Interestingly, enhanced expression of Bnip3 or Nix in neonatal mice caused progressive apoptotic cardiac dilation.
These studies suggest that Bnip3 and Nix might have a function different from promoting apoptosis in the adult heart. Moreover, long-term studies of mice deficient in Nix, Bnip3, and both Bnip3 and Nix have shown that hearts of aged knockout mice accumulate dysfunctional mitochondria and that this occurs twice as fast in hearts lacking both Bnip3 and Nix [12] .
Moreover, the accumulation of dysfunctional mitochondria correlated with development of cardiac dysfunction. Nix-null mice experienced cardiac enlargement and reduced ventricular contractility at 60 weeks, whereas the Bnip3/Nix double-knockout mice showed development of the same cardiac phenotype as the Nix-null mice at 30 weeks of age. These data suggest that the ''pro-death'' Bnip3 and Nix have an alternative but overlapping function in the adult heart, where they regulate mitochondrial turnover via autophagy.
Bnip3 and Nix as Potential Autophagy Receptors
Exactly how Bnip3 and Nix induce specific removal of mitochondria via autophagy is unknown. However, two separate investigations recently reported that Nix interacts with the autophagy proteins LC3 and GABARAP [35, 42] . Novak et al. [35] also found that Nix recruited GABARAP to depolarized mitochondria. GABARAP belongs to a family of small ubiquitin-like adaptor proteins implicated in cellular trafficking of the GABA A receptor and in intracellular autophagy. Findings have shown that GABARAP co-localizes with LC3-II on the autophagosomal membrane [21] .
Both studies identified a potential LC3-interacting region in the N-terminal domain of Nix. They also found that the tryptophan residue in this region was essential in interaction with GABARAP/LC3 and that mutation of this residue disrupted the interaction between Nix and GABARAP/LC3 [35, 42] and inhibited mitochondrial clearance [35] . Interestingly, the LC3-interacting region and the tryptophan residue are conserved between Nix and Bnip3, suggesting that Bnip3 likely functions similar to Nix as a receptor for proteins on the forming autophagosomal membrane. The interaction between Nix/Bnip3 and LC3/ GABARAP would tether the mitochondrion to the autophagosome.
In our studies, we discovered that Bnip3 also interacts with LC3 [41] . However, further studies are needed to determine whether Bnip3 interacts with GABARAP/LC3 via its N-terminus. Because both Nix and Bnip3 function as dimers, it also will be interesting to determine whether dimerization via the transmembrane domain is essential for the interaction with GABARAP/LC3.
Conclusions
Studies suggest that both Bnip3 and Nix have dual roles in the myocardium: to activate cell death and to induce mitochondrial turnover via autophagy (Fig. 1) . The ability of Bnip3 and Nix to induce cell death and mitochondrial autophagy appears to be two independent functions. This therefore raises the question of when they induce mitochondrial autophagy and when they activate cell death. It is tempting to speculate that under normal conditions, Bnip3 and Nix promote turnover of old dysfunctional mitochondria, possibly through their ability to reduce mitochondrial membrane potential.
In contrast, in response to stress such as hypoxia or pressure overload, when mitochondria are severely damaged and the cell is beyond rescue, Bnip3 and Nix are elevated to levels at which they activate the cell death program instead. Because Bnip3 has been implicated in the pathogenesis of heart failure, Bnip3 represents an important potential therapeutic target for treatment or prevention of disease. However, based on new evidence suggesting that Bnip3 has an alternate function in the cell, inhibiting Bnip3 may lead to accumulation of dysfunctional mitochondria and induction of cardiac dysfunction. Further studies are needed to determine when and how Bnip3 switches between the two functions in the heart.
